Background. Sepsis and sepsis-associated organ failure are devastating conditions. Understanding the detailed cellular/molecular mechanisms involved in sepsis should lead to the identification of novel therapeutic targets.
Sepsis and sepsis-associated end organ failure, commonly resulting from bacterial infections, are leading causes of both mortality and morbidity worldwide. An initial infection frequently triggers a devastating systemic inflammatory response syndrome (SIRS), which results in multiple organ failure (MOF) and intense immunological abnormalities [1, 2] . An imbalance between bactericidal effects and over-response of host defense has been thought to be the mechanism underlying sepsis-derived SIRS and MOF [1] [2] [3] .
Among all of the parenchymal and inflammatory cells that participate in the development of sepsis and MOF, macrophages are first-line innate immune cells, which are both efficient microorganism scavengers and major source of proinflammatory factors [4, 5] . However, macrophage activation has also been shown to be associated with severe SIRS and death [4] [5] [6] . During the classic activation of macrophages, besides their role in proinflammatory cytokines and chemokines, macrophages also up-regulate iNOS and promote nitric oxide (NO) release, as well as the generation of reactive oxygen species (ROS). In addition, other parenchymal cells also release NO/ROS during the acute phase of sepsis [7, 8] . This exaggerated production of NO and ROS is effectively a double-edged sword. Both NO and ROS induce cell apoptosis and result in tissue damage [7] [8] [9] [10] . Thus, NO and ROS not only mediate host defense but also lead to significant SIRS, tissue destruction, MOF, and mortality. Macrophages robustly produce NO/ROS after LPS in cell culture in vitro [11, 12] . Therefore, macrophages were used as the cellular model in this study to explore the detailed molecular mechanisms.
Before macrophages initiate the immune response, they have to detect and recognize the invading microbes. Most of these "detection" and "recognition" events rely on a group of microbial-sensing proteins called Toll-like receptors (TLRs) [13] . Among the TLRs, TLR4 is well known as the receptor for lipopolysaccharide (LPS). TLR4 receptors are located primarily on the plasma membrane, where they interact with pathogens. Upon activation, MyD88 interacts with interleukin 1 (IL-1) receptor-associated kinase-4 (IRAK-4), and TLR4 via the death domain in each of these molecules. This complex induces the phosphorylation of IRAK-1. Phosphorylated IRAK-1 (activated) then interacts with TRAF6, which subsequently leads to the activation of the MAP kinases ( JNK and p38 MAPK), as well as NF-κB. The activation of these MAP kinases ultimately results in the up-regulation of iNOS, an increased production of NO, ROS, and matrix metalloproteinases (MMPs), as well as cytokine and chemokine release [13] .
Previous studies have shown that lipid rafts and their protein components, such as caveolin-1 (cav-1) and caveolin-2 (cav-2), are involved in regulating immune function [14, 15] . Disruption of lipid rafts using pharmacological approaches has been shown to significantly affect the normal immune cell response to bacterial infection. Accumulating evidence further suggests that lipid rafts are used by bacterial pathogens as ports of entry to enter into host cells [14] . Interestingly, various roles for the caveolins in sepsis have been reported [16, 17] , suggesting a homeostasis is at work among the lipid raft proteins. Thus, it is important to explore the function and regulation of other lipid raft components, in addition to cav-1, in the pathogenesis of bacterial infection-associated inflammation.
Polymerase I transcript release factor (PTRF) is a soluble protein containing a putative leucine zipper, a nuclear localization signal and a PEST domain [18] [19] [20] . Recently, this relatively unstudied protein has been suggested to be a potential caveolar coat protein that controls and stabilizes both caveolar structure and function [18] . Although ubiquitously expressed in all the vital organs and tissues, the exact activities of PTRF in sepsis and macrophage function have not been reported. We hypothesized that PTRF plays a crucial role in regulating the function of macrophages after polymicrobial infection. We further hypothesized that PTRF is required for macrophages to generate NO and ROS by providing support for TLR4 signaling. To the best of our knowledge, the current study is the first report on the cellular function of PTRF in sepsis, and it provides a novel molecular target for therapeutic development.
MATERIAL AND METHODS
More experimental details are provided in the Supplementary Data.
Animal Studies
PTRF+/− mice, iNOS and matched wild-type C57BL/6 mice (male, 8-10 weeks of age), were obtained from Jackson Lab (Maine, USA). All mice were maintained under specific pathogen-free conditions. Animal experiments were carried out in compliance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health and the guidelines of the Harvard Medical Laboratory Animal Care and Use Committee.
Mice and Cecal Ligation and Puncture
Cecal ligation and puncture (CLP) was performed as described elsewhere [21, 22] . Detailed methods can be found in the Supplementary Data.
Cells and Cell Culture
Bone-marrow derived macrophages (BMDMs) and peritoneal macrophages were isolated as described elsewhere [23] . Raw 264.7 cell lines were purchased from ATCC (American Type Culture Collection Manassas, USA). Detailed information can be found in the Supplementary Data.
Western Blot Analysis and Co-immunoprecipitation Assay
Co-immunoprecipitation assay (Co-IP) assay and Western blot was performed as reported elsewhere [24] . Signals were detected using the SuperSignal West Pico system (Pierce, IL) and exposed to ChemiDoc XRS imaging system (Bio-Rad, Hercules, CA).
Measurement of NO Production
NO production in supernatant was assessed as described elsewhere [25] ; please refer to the Supplementary Data for details.
Lipid Raft Isolation
Lipid raft fractions were isolated by sucrose gradient ultracentrifugation as described, in the absence of detergent [24] ; details can be found in the Supplementary Data.
Confocal Microscopy
Confocal microscopy was performed as reported elsewhere [24] ; details can be found in the Supplementary Data.
Statistical Analysis
Data were expressed as mean ± SD, from 3 independent experiments. For all statistical tests, PRISM 5.0 (GraphPad Software Inc, San Diego, CA) was used. P values <.05 were considered statistically significant.
RESULTS

PTRF+/− Mice Exhibited a Reduction in Both Mortality and
Organ Damage in a CLP-induced Acute Sepsis Model, and Also had Significantly Reduced NO and iNOS Production After CLP To evaluate the effect of PTRF knocking down on mortality after acute sepsis in vivo, we used the CLP-induced acute sepsis model in mice. WT and PTRF+/− mice underwent CLP (21 G, 2 holes). Survival (percentage) was much higher in the PTRF+/− mice than WT mice ( Figure 1A ). Liver injury is one of the prominent features in CLP-induced sepsis and SIRS [26, 27] .
We evaluated liver injury using PAS staining for cytoplasmic glycogen deposition and hepatocyte damage [27] . Tissues and plasma were collected 24 hours after CLP. As shown in Figure  1B , robust glycogen deposition (PAS positive, green arrow) was found in the liver tissue of WT mice 24 hours after CLP, whereas much less staining was found PTRF+/− mice. Furthermore, lymphocyte apoptosis in the spleen and epithelial cell apoptosis in the colon were markedly reduced in PTRF+/− mice after CLP compared to WT mice, detected by TUNEL staining (Supplementary Figure 1B) . Interestingly, NO production in the plasma from the PTRF+/− mice was also significantly lower compared with the WT mice ( Figure 1C ). This observation was further confirmed by reduced iNOS expression in PTRF+/− mice using IHC staining on liver tissue sections ( Figure 1D , red arrow).
Deletion of iNOS (iNOS−/−) Resulted in Reduced Mortality and Less Liver Damage After CLP, Similar to the PTRF+/− Mice
To determine whether the survival benefit in PTRF+/− mice after sepsis is potentially associated with the PTRF+/− induced iNOS suppression, we performed CLP in iNOS−/− mice. In this acute sepsis model, we found that iNOS−/− mice also survived better after CLP (21G, 2 puncture holes) compared with the WT mice (Figure 2A ), similar to the results observed in the PTRF+/− mice. Again, the liver damage was also robustly reduced in the iNOS−/− mice ( Figure 2B ).
PTRF Is Ubiquitously Expressed in Vital Organs and Macrophages
PTRF is a relatively underexplored protein that may play a crucial function in both lipid rafts and the nucleus [19] . To further investigate the role of PTRF in sepsis, we next explored whether this protein is expressed in the major vital organs. Indeed, we found that PTRF was ubiquitously expressed in multiple organs and tissues, including the lung, liver, kidney, and spleen (Supplementary Figure 2A) . To determine whether PTRF is localized to leukocytes, we co-stained the tissue slides using anti-PTRF and anti-leukocyte common antigen (CD45, LCA). We found a strong co-localization pattern for PTRF and CD45 (Supplementary Figure 2B) . During the pathogenesis of sepsis and MOF, many types of tissue-resident parenchymal cells and inflammatory cells generate NO. Macrophages are Figure 1 . Deletion of PTRF decreased iNOS expression in vivo, reduced mortality and organ damage in CLP-induced sepsis. A, PTRF+/− mice (open circles; n = 10) and WT mice (closed circles; n = 10) were subjected to CLP and monitored for survival. B-E, Tissues and plasma were collected 24 hours after CLP. B, PAS staining was performed on liver tissue to evaluate acute hepatocyte injury. Light arrow: positive for PAS staining (C) NO level in plasma was measured using Griess reagent. D, Paraffin-embedded sections of liver tissue were obtained from WT mice (left panel) and PTRF+/− mice (right panel) after CLP. Liver tissue was stained for iNOS expression (dark arrow) using polyclonal anti-iNOS. E, iNOS positive cells were quantified in the liver sections obtained from WT mice or PTRF+/− mice. All figures above represented 3 independent experiments with similar results. *P < .05. Abbreviations: CLP, cecal ligation and puncture; PTRF, polymerase I transcript release factor; WT, wild type.
first-line defenders in the innate immunity involved in bacteria-associated sepsis [12] . Therefore, we determined the expression pattern of PTRF in Raw 264.7 macrophages, mouse peritoneal macrophages, and macrophages derived from bone marrow (BMDM) , at the mRNA level using RT-PCR (Supplementary Figure 2C ). PTRF was highly expressed in all of these macrophages. The expression of PTRF in these cells was further confirmed at the protein level using Western blot analysis (Supplementary Figure 2D) .
PTRF Was Required for LPS-mediated iNOS Induction and NO Production in Macrophages
To further investigate the mechanisms by which PTRF regulates sepsis and MOF, we took macrophages as our cellular models in vitro. Macrophages are known to produce NO after LPS stimulation in vitro [11, 12] . Initially, we deleted PTRF in Raw264.7 macrophages by means of PTRF shRNA transfection. More than 60%-80% efficiency on PTRF deletion (PTRF−/−) was achieved ( Figure 3A and Supplementary Figure 1C) . The LPS-induced iNOS mRNA transcription in these PTRF−/− macrophages was significantly decreased compared with the control shRNA-transfected cells, particularly within the first 12 hours after LPS stimulation ( Figure 3B ). This observation of an iNOS reduction was confirmed at the protein level by Western blot analysis ( Figure 3C ). Furthermore, NO, the product of iNOS, was significantly decreased in response to LPS in PTRF−/− cells ( Figure 3D ). Next, we obtained BMDMs from wild-type (WT) or heterozygous mice (PTRF+/−). Similarly, iNOS mRNA, iNOS protein, and NO production were markedly reduced in PTRF+/− BMDM in response to LPS compared with WT BMDM ( Figure 3E , 3F and 3G, respectively). Additionally, we confirmed the above observations in peritoneal macrophages isolated from WT or PTRF+/− mice. As shown in Figure 1H and 1I, LPSinduced iNOS and NO upregulation were highly suppressed in PTRF+/− macrophages compared with the WT macrophages ( Figure 3H and 3I).
PTRF Was Required for LPS-induced ROS Generation in Macrophages
Along with NO, ROS is also a factor that is involved in end-organ damage [28] [29] [30] . We next determined the extent of LPS-derived ROS generation using PTRF−/− macrophages (Raw264.7 transfected with PTRF siRNA). As shown in Figure 4A , LPS-induced ROS generation was dramatically reduced in the PTRF−/− cells (green line) compared with the WT cells (red line). Previous reports have suggested that ROS is partially derived from NO [29, 30] . In Figure 4B , we confirmed that reduced ROS generation was found in iNOS knockout macrophages (iNOS−/−, isolated from iNOS knockout mice; green line) with WT macrophages (red line) in the presence of LPS ( Figure 4B ). Additionally, we confirmed via immunofluorescence staining that the deletion of PTRF prevented ROS generation after LPS (Supplementary Figure 1D) .
PTRF Interacts With TLR4 Complex Components in Lipid Rafts After LPS Stimulation
Cluster of differentiation 14 (CD14), TLR4, and Myd88 are components of the pattern recognition receptor complex that is activated in response to LPS stimulation [13] . Shortly after being exposed to LPS (30 minutes), CD14, TLR4, and Myd88 trafficked to the lipid raft portion ( Figure 5 ). As expected, lipid raft proteins (cav-1, Flot-1, and PTRF) all were present in the lipid rafts at this time point (Figure 5 ), thus potentially allowing physical interaction with the TLR4 complex components to occur in lipid rafts. We next determined the co-localization of A, Raw264.7 cells were transfected with PTRF shRNA plasmid (ShRNA) and negative control plasmid (CTL). After 48 hours, the efficiency of deleting PTRF was assessed by western blot analysis. Densitometry was used to quantify the density of bands. B-D, The transfected Raw264.7 cells were stimulated with LPS (200 ng/mL) for indicated time. B, iNOS mRNA was determined by real-time PCR and standardized to the endogenous control GAPDH. C, iNOS protein expression was determined using western blot analysis and standardized to the endogenous control GAPDH. D, LPS induced NO production was measured using the Greiss reagent in Raw 264.7 cells transfected with shRNA or control plasmid. E-H, Bone marrow derived macrophages (BMDM) were obtained from PTRF+/− mice. Cells were then stimulated with LPS (200 ng/mL) for indicated time. E, iNOS mRNA transcription was measured by real-time PCR and standardized to the endogenous control GAPDH. F, iNOS protein expression was determined using western blot analysis and standardized to the endogenous control GAPDH. G, NO production was measured using the Griess reagent. H and I, PTRF+/− peritoneal macrophages were derived from PTRF+/− mice. Cells were then stimulated with LPS (200 ng/mL) for indicated time. H, iNOS mRNA was measured by real-time PCR and standardized to the endogenous control GAPDH. I, NO production was detected using the Griess reagent. All figures above represented three independent experiments with similar results. *P < .05; **P < .01. Abbreviations: LPS, lipopolysaccharide; mRNA, messenger RNA; NO, nitric oxide; PCR, polymerase chain reaction; PTRF, polymerase I transcript release factor. PTRF and TLR4 in the absence and presence of LPS stimulation. As early as 30 minutes of LPS exposure, PTRF and TLR4 co-localization increased significantly on the cell surface ( Figure 6A , red arrow). This observation was confirmed using co-IP assays ( Figure 6B ). In addition to TLR4, the interactions between PTRF, Myd88, and CD14 were also evaluated. Similar Figure 4 . Deletion of PTRF or iNOS reduced the LPS-induced ROS generation. A, Raw264.7 cells were transfected with PTRF siRNA or control siRNA (CTL). After 36 hours, cells were stimulated with LPS (200 ng/mL). After additional 6 hours, the production of total ROS was determined using flow cytometry. Mean fluorescence intensity (MFI) was analyzed by 3 independent experiments. B, BMDM was obtained from iNOS−/− mice. Cells were then stimulated with LPS (200 ng/mL). After 6 hours, the total ROS was measured as above. MFI was analyzed by three independent experiments. **P < .01. Abbreviations: BMDM, bone-marrow derived macrophages; LPS, lipopolysaccharide; PTRF, polymerase I transcript release factor; ROS, reactive oxygen species. Figure 5 . TLR4 signaling components trafficked into lipid rafts after LPS stimulation. Raw264.7 cells were treated with LPS (200 ng/mL). After 30 minutes and 4 hours respectively, lipid raft and non raft fractions were isolated as described in Material and Method. Fractions were then analyzed for cav-1, PTRF, Flot-1, Myd88, CD14, and TLR4 using Western blot analysis. Red frame: lipid raft portion. All figures represented 3 independent experiments with similar results. Abbreviations: LPS, lipopolysaccharide; PTRF, polymerase I transcript release factor. to TLR4, the interaction between PTRF and Myd88 was decreased after LPS, whereas no changes between PTRF and CD14 were found ( Figure 6C ).
PTRF Is Required for LPS-induced TLR4/Myd88 Interaction in Macrophages
Again, using PTRF shRNA to knock down PTRF in Raw264.7 cells, we determined the effect of PTRF on TLR4/Myd88 interaction in the absence or presence of LPS. Figure 7A shows the "knock down" efficiency. TLR4/Myd88 interaction was decreased when PTRF was suppressed ( Figure 7B) . Consequently, the activation of TLR4 down-stream signaling, including the p38, ERK, and JNK pathways, was also significantly suppressed in PTRF+/− cells compared with control cells. As shown in Figure 7C , LPS-induced phosphorylation of p38, ERK, and JNK was markedly diminished in PTRF+/− cells compared with control cells (Figure 7C ).
DISCUSSION
Sepsis, SIRS, and sepsis-associated MOF are common causes of morbidity and mortality in critical care units. An understanding of the detailed mechanisms involved in sepsis will potentially lead to novel therapeutic targets. In the current study, we found that PTRF (cavin-1) plays a crucial role in TLR4 signaling in the pathogenesis of sepsis. PTRF regulates the mortality and end-organ damage after CLP.
TLRs are involved in the pathophysiology of sepsis and MOF [13] . As shown in the schema in Figure 7D , PTRF is required for TLR4 signaling assembly, especially after LPS stimulation. TLR4 physically binds with PTRF in the lipid raft portion of the plasma membrane at a basal level. Upon LPS or pathogenassociated molecular patterns (PAMPs) being recognized, TLR4 and its down-stream components traffic from the nonraft portion to the lipid raft portion on the plasma membrane. At this point, PTRF helps to "hold" the TLR4 pathway components together in the rafts. Consequently, the tight interaction between TLR4 and Myd88 trigger the down-stream signal cascades, including ERK, p38, and JNK. In fact, deletion of PTRF affects all of these 3 pathways (Figure 7 ). This result shows that the key step of PTRF regulation falls on the initial TLR4 signaling. Thus, given that PTRF targets the TLR4/Myd88 complex, it is easily understood that deletion of PTRF attenuates TLR4 down-stream products, including NO production, iNOS synthesis, and ROS release. TLR4-mediated cytokine release presumably is affected by PTRF as well. In fact, our preliminary data indeed suggested an attenuated tumor necrosis factor α release after the deletion of PTRF in RAW 264.7 cells (data not shown). Interestingly, deletion of PTRF also augmented macrophage-mediated phagocytosis (Supplementary Figure 1E) . This observation indicates that PTRF mediates a broad spectrum Figure 6 . PTRF co-localized and interacted with TLR4 complex. A, Raw264.7 cells were treated with LPS (200 ng/mL). After 30 minutes or 4 hours, cells were stained with anti-PTRF, anti-TLR4, and DAPI (not shown). Co-localization of PTRF and TLR4 was observed using confocal microscopy. Light cells: PTRF; Dark cells: TLR4; Areas indicated by arrows: merge, co-localization of PTRF and TLR4; (B) Raw264.7 cells were treated with LPS (200 ng/mL). After 30 minutes, 4 hours, and 24 hours, respectively, cell lysate was collected for co-IP assays. PTRF was precipitated with rabbit polyclonal anti-PTRF antibody. TLR4 and PTRF (input) levels were determined using western blot analysis. Density of the bands was quantified by densitometry. All figures above represented at least 3 independent experiments with similar results. C, PTRF interacted with Myd88 and CD14. Raw264.7 cells were treated with LPS (200 ng/mL). After 30 minutes, 4 hours, and 24 hours, respectively, cell lysate was collected for co-IP assays. Myd88, CD14, and PTRF (input) levels were determined using Western blot analysis. Density of the bands was quantified by densitometry. Abbreviations: co-IP, co-immunoprecipitation assay; LPS, lipopolysaccharide; PTRF, polymerase I transcript release factor. of cellular function in addition to the regulation of caveolae formation [18] . For example, our preliminary data showed a potential role of PTRF on mitochondria-mediated apoptosis, probably related to NF-keppa B signaling (Supplementary Figure 3A and not shown). Future investigation of the role of PTRF in sepsis and MOF should include its effect on cell death, such as the lymphocyte and colon epithelial cell apoptosis that occurs after ischemic injury. This CLP model is clearly an acute to subacute model in which wild-type mice die at a significant rate within the first 3 days. In this model, the initial cytokine flux is robust and results in significant hemodynamic instability [31] [32] [33] . NO production and its associated ROS generation further induce profound organ damage [34, 35] . In our model, the deletion of PTRF delays death and protects against vital organ damage by eliminating NO production. NO is known to be a potent vasodilatory agent and a free radical generator [31] [32] [33] . A reduction in NO production, particularly in the initial stage of acute sepsis, not only reduces the hemodynamic instability but also free radical generation. However, it is also well established that NO exerts a bactericidal effect that is crucial in limiting the spread of both local infection and systemic inflammation [36] [37] [38] . We think that the beneficial effects of NO likely occur in chronic sepsis models but not an acute model such as ours. Indeed, there is controversy on the role of NO in sepsis. Cobb et al reported that iNOS deficiency leads to early mortality [31] . On the other hand, deletion of iNOS protects mice from death after CLP [32] . In support of the theory that hemodynamic compromise takes place in early sepsis, in studies conducted by Hollenberg et al, microvascular catecholamine responsiveness was shown to be significantly improved in iNOS-deficient mice, as was mortality [32] . Other studies have also reported the role of NO in sepsis-associated organ injury, and a lack of NO has been shown to result in less damage in the lung and brain, as well as a reduction in the systemic inflammatory response [33] [34] [35] 39] . Clearly, the controversies regarding NO in sepsis depend on differences in the models and mice used.
Currently, the CLP model is considered a favorable one for sepsis research because it reproduces the hemodynamic changes in cardiovascular function seen in septic patients [40, 41] . Further, the CLP model can induce the progressive release of proinflammatory mediators, which is considered highly important in human sepsis [40, 41] . In the study by Cobb et al, female mice were used, and the CLP model was a chronic one, based on the death curve of the control mice [31] . In contrast, Hollenberg et al used an acute to subacute model with male mice [32] and their death curve was highly similar to the one in our study. The discrepancy on the effect of iNOS/NO deletion between the acute and chronic models would seem to be straightforwardly understood. NO exerts a vasodilatory function [39] and thus may induce hemodynamic instability in the acute models, in which overwhelming cytokine release and inflammation occur. However, in the chronic model, the slow release of inflammatory factors makes NO more tolerable and does not induce immediate hemodynamic compromise. Thus, NO may function as a bactericidal agent [37, 38] and delay mortality in this type of model. Additionally, the age and gender of the mice certainly play a significant role in the outcome of sepsis [42] [43] [44] [45] . In fact, female mice, like those used in the study of Cobb et al [31] , are more resistant than male mice to CLP-induced mortality, as shown in the reports by Dienstknecht et al and Zellweger et al [44, 45] .
This study has a number of limitations. First, the results can not be extrapolated to all other lipid raft proteins, for instance, cav-1. Previous studies on cav-1, like the case of nitric oxide, also have produced divergent results and competing hypotheses on their roles in sepsis and SIRS [15] [16] [17] . These discrepancies partially reflect the importance of the acuity of the CLP model, the level of hemodynamic compromise, the technical details of CLP, the gender, age, and strain of the animals used, and so forth. Thus, all of the CLP-related models and studies, including the current one, require careful interpretation of the results, with careful consideration of all of the above mentioned factors.
Furthermore, besides PTRF (cavin-1), serum deprivation response factor (SDPR, cavin-2) also has crucial regulatory functions in caveolae [46, 47] . SDPR is a phosphatidylserinebinding protein and is a homolog of PRTF. It interacts with PTRF and recruits PTRF to the caveolar membrane. Overexpression of SDPR induces deformation of caveolae [47] . Interestingly, our data indicated a transient interaction between PTRF and SDPR after LPS in macrophages (Supplementary Figure 3B) , suggesting an effect of SDPR on TLR4 signaling, in addition to the effect of PTRF. However, an elucidation of the relationship between PTRF and the other lipid raft proteins is not a main focus of this investigation, even though it is certainly a subject we intend to address in the future.
The second limitation is that we were not able to use homozygous PTRF−/− mice in this study because these homozygous mice exhibit a reduced metabolic capacity and lean body mass [48] . The reduced metabolic capacity and lean body mass result in a bias in the CLP-induced sepsis in vivo, given that the severity of intra-abdominal infection is closely associated with the amount of fat tissue. Further, CLP-induced sepsis involves multiple cell types, including not only inflammatory cells but also parenchymal cells in the vital organs. Cell-specific conditional knock-outs would likely cause bias too. Therefore, in our study, we simply used heterozygous mice to avoid this problem.
Third, we did not explore the effect of PTRF on other immunomodulatory cells, such as lymphocytes or neutrophils. Our results can not be extrapolated to infectious processes largely dependent on these cells.
Finally, the sepsis that mice developed in response to polymicrobial challenge after CLP seems to differ from the clinical response in humans. Our initial observations on the role of PTRF in sepsis require additional studies using human cells.
In summary, we identified a novel role of PTRF in the regulation of TLR4 signaling in sepsis. PTRF is required for TLR4 complex assembly upon LPS stimulation. Deletion of PTRF results in a lack of TLR4-mediated signaling and subsequently a decrease in iNOS biosynthesis and NO production, as well as ROS generation. In this acute/subacute CLP-induced sepsis model, the suppression of PTRF and subsequently decreased NO production confer a protective role on sepsis-associated mortality and vital organ injury.
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